The amino acid sequences responsible for H7 and H23 flagellum serology have been identified by using a genetic approach. The H7-specific domain was located between amino acids 352 and 374 of the H7 flagellin. The sequencing data also demonstrated that the difference between the H7 and H23 flagellins in this region results from a single substitution at amino acid 366 (Ser3Thr). The common epitopes for H7 and H23 were located between amino acids 284 and 366.
The amino acid sequences responsible for H7 and H23 flagellum serology have been identified by using a genetic approach. The H7-specific domain was located between amino acids 352 and 374 of the H7 flagellin. The sequencing data also demonstrated that the difference between the H7 and H23 flagellins in this region results from a single substitution at amino acid 366 (Ser3Thr). The common epitopes for H7 and H23 were located between amino acids 284 and 366.
Flagella are the motor organelles of bacterial cells (11) . The most abundant structural component of bacterial flagella is flagellin, which is encoded by the fliC gene. Flagellins are highly immunogenic proteins with exposed epitopes on the bacterial surface. The flagellins comprise the antigens which allow serological distinction among different H serotypes (7, 14) . There are at least 56 different H serotypes identified in Escherichia coli. Cross-reactions among the different H serotypes are common. Most often the true H serotype was discriminated by conventional wisdom on the basis of the level of agglutinating activities (20a) . The molecular masses of flagellins from the various H serotypes range from 37 kDa for H4 to 69 kDa for H9 (10) . Hosts exposed to motile strains often produce antibodies against these antigenic determinants after infection or immunization (4, 8) . E. coli O157:H7 is recognized as an important human pathogen, and cattle have received the most attention as the reservoir for this organism. Many outbreaks have been linked to the consumption of beef or unpasteurized milk (2, 5, 20) . Identification of E. coli O157:H7 requires serological testing for both the O157 and H7 antigens. The H7 antigen is identified by using H7 polyclonal antiserum in a tube agglutination assay. However, cross-reactivities among the H7, H23, and H24 serotypes have been found by the U.S. Meat Animal Research Center and the E. coli Reference Center. Thus, understanding the molecular basis for H7, H23, and H24 serotyping is critical for laboratory diagnosis of E. coli O157:H7. The nucleotide sequence encoding H7 flagellin is 1,755 bp in length and encodes a 584-amino-acid polypeptide. The flagellins of the H1, H7, and H12 serotypes have been compared, and they show that the amino-terminal (190 amino acid residues) and carboxyl-terminal (100 amino acid residues) ends are well conserved. The central regions were found to be different, thus accounting for the H-serotype specificity (15) . Similarly, antigenic differences can be attributed to the central regions in Salmonella flagellin structural genes (6, 18) .
The purpose of this study was to identify the minimal sequences of the central region of the H7 and H23 flagellins which define the serologic specificity for H7 and H23, respectively. The use of a genetic approach to cut the H7 gene into various lengths, express through recombination the truncated polypeptides in E. coli, and identify H7-specific polypeptides with monoclonal and monospecific antibodies is the basis of this report. Among the recombinant polypeptides tested, the amino acids between 352 and 374 represent the antigenic determinants of the specificity of H7 serology.
MATERIALS AND METHODS
E. coli bacteria and isolation of chromosomal DNA. The following strains were received from the E. coli Reference Center: E. coli O45:H23 strain JK001 (ECRC HW23) and E. coli Omult:H7 strain JK002 (ECRC 9304089). E. coli O157:H7 strain JK003 was obtained from the U.S. Department of Agriculture Animal and Plant Health Inspection Service (APHIS), National Veterinary Services Laboratories (Ames, Iowa), and has the corresponding strain number APHIS N396-2-2. E. coli O157:H7 strain JK004 corresponds to ATCC 43895 (American Type Culture Collection, Rockville, Md.). The preparation and purification of bacterial chromosomal DNA were performed by methods described previously (3) .
Expression vector. Plasmid pGex2T (Pharmacia, Piscataway, N.J.), which directs the expression of cloned DNA as a glutathione S-transferase (GST) fusion protein, was used as the expression vector. The multiple cloning site at the 3Ј end of the GST gene allowed insertion of a DNA fragment fused in phase with the ATG start codon on the GST sequence (17) .
PCR and cloning. Oligonucleotides contained an introduced BamHI or EcoRI restriction site at the 5Ј end of each primer. These primers were designed so that following insertion into the BamHI-and EcoRI-digested pGex2T vector, the amplified fragment would be in the same reading frame as the GST gene. The locations of the primer sequences within the H7 gene and the sizes of the PCR-amplified products are shown in Table 1 . The PCR was performed in a DNA thermal cycler (Perkin-Elmer, Norwalk, Conn.) with purified chromosomal DNA in a total reaction volume of 100 l for 30 cycles. After digestion with BamHI and/or EcoRI, the products of the PCR were subjected to electrophoresis with 1 to 3% agarose gels, depending on the size of the fragment. The DNA fragments were isolated and ligated to the pGex2T vector. The resulting constructs, which expressed different lengths of H7, and their locations on the H7 gene are presented in Fig. 1 .
The cloning procedures were performed as previously described (12), and all plasmids were propagated in E. coli JM105 (21) . To ensure that each construct was in the right reading frame, all constructs were sequenced.
SDS-PAGE and WB assay. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot (WB) (immunoblot) assay were performed by using standard protocols (1, 9) .
MAb and polyclonal antibodies. Monoclonal antibody (MAb) 46E9-9, directed against the H7 flagellin of E. coli O157:H7, was developed at the U.S. Meat Animal Research Center (unpublished data). When screened against flagellins H1 to H56 in the WB assay, MAb 46E9-9 reacted only with the H7, H23, and H24 serotypes (Fig. 2) . However, the reactivity of H7 with MAb 46E9-9 could be differentiated from the reactivities of H23 and H24 in that H7 had a stronger reaction than H23 and H24 (Fig. 2) . Rabbit anti-H7 and anti-H23 polyclonal antibodies were obtained from Lee Ann Thomas (APHIS), Tim Barrett (Centers for Disease Control and Prevention, Atlanta, Ga.), and one of us (R.W.). These polyclonal typing sera reacted in agglutination reactions with both H7-and H23-positive organisms.
DNA sequencing. The sequencing of inserted sequences in each construct was performed by using Sequenase (version 2.0; U.S. Biochemicals, Cleveland, Ohio) with the 5Ј and 3Ј pGex2T sequencing primers, which are located at positions 869 to 891 and 998 to 1020, respectively, of the pGex2T vector (Pharmacia).
Nucleotide sequence accession number. The nucleotide sequence data reported in this paper have been deposited with the GenBank database and assigned the accession number U57313.
RESULTS AND DISCUSSION
Recombinant plasmids that encoded a series of overlapping H7 segments (O157:H7 strain ATCC 43895) which covered the entire central region of the H7 fliC gene were transformed into competent JM105 host cells. Recombinant fusion proteins were induced by isopropyl-␤-D-thiogalactopyranoside (IPTG) to a final concentration of 1 mM. The fusion proteins were efficiently synthesized, as demonstrated by SDS-PAGE (Fig.  3) . Cell lysates that carried plasmid without an insert expressed GST only (Fig. 3, lane N) . In order to identify the construct lysates which were antigenically active for H7 serology, each of the recombinant H7 proteins was characterized by WB assay against MAb 46E9-9 and polyclonal typing sera against H7 and H23. In the WB, the MAb recognized construct lysates A, B, C, and D whereas the polyclonal antibodies to H7 flagellin reacted with construct lysates A, B, C, D, I, J, and K. The polyclonal antibodies to H23 flagellin reacted with construct lysates A, B, C, I, J, and K. Thus, construct D carried the smallest sequences representing the antigenic determinant of H7. Construct K carried the smallest sequence containing the common epitope on or in the H7 and H23 flagellins ( Fig. 1 and  4) .
To compare the immunoreactivity of H7 (O157:H7 ATCC 43895 [strain JK004]) construct D with that of the equivalent region of other H7 (Omult:H7 strain JK002 and O157:H7 APHIS N396-2-2 [strain JK003]) and H23 (O45:H23 strain JK001) flagellins, the same oligoprimers designed for O157:H7 (ATCC 43895) strains were used to amplify other H7 strains and H23 sequences. These PCR products were cloned and expressed in E. coli JM105. The total cell lysates were then analyzed by WB assay. MAb 46E9-9 and H7 polyclonal serum recognized all H7-D constructs, but the equivalent region from H23 (named construct DЈ) did not react (Fig. 1) . This result verified that construct D contained the sequences which determined the specificity of H7 serology. In order to link the WB results to a specific sequence determinant, H7 construct D and H23 construct DЈ were sequenced. H7 construct D was 186 bp in length; when its DNA and deduced amino acid sequences were compared with those of H23 construct DЈ, these regions were found to have one mismatched sequence at nucleotide 1096 of H7, and this single nucleotide mismatch (from T to A) created a single amino acid substitution in codon 366 (Ser 3 Thr) (Fig. 5 ). This result indicated that MAb 46E9-9 and type-specific polyclonal antibodies recognized a single amino acid substitution in the region that contributed to type-specific antigenic determinants. Constructs C and D overlapped for 23 amino acids (between amino acids 352 and 374 of H7 flagellin), and both constructs were recognized by a MAb and polyclonal antibodies against H7. In order to confirm whether this 23-amino-acid peptide (69 bp) was responsible for H7 serology, PCR was used to amplify the 69 bp which had common sequences in constructs C and D. After PCR, the amplified DNA was inserted in pGex2T plasmid (construct M) and expressed in E. coli. This recombinant protein (29 kDa) was then tested with MAb 46E9-9 in the WB assay. As expected, the 23-amino-acid fragment reacted specifically with a MAb against H7 (Fig. 6, lane  1) .
In this study, mapping of the antigenic domain on H7 flagellin was performed with a MAb and polyclonal sera. This domain was identified and located between amino acids 352 and 374 of the H7 flagellin. The sequencing data demonstrated that this region was conserved among the H7 strains studied (data not shown) and that the difference between H7 and H23 at this region was just one nucleotide, at position 1096 (T 3 A). This disagreement was not a PCR artifact, because several constructs were sequenced, including constructs B, C, and D from H7 and equivalent regions from H23. All of the sequencing data support our conclusion. The amino acid substitution at residue 366 (Ser 3 Thr) caused a modification in the binding of MAb 46E9-9, and this could explain why the epitope on the H23 flagellin was recognized to a lesser extent than the epitope on H7, as shown in Fig. 2 . However, the MAb recognized only recombinant protein from H7 construct D expression and failed to react with an equivalent product of H23, as shown in Fig. 1 , which differs from the results demonstrated in Fig. 2 . Alterations in serological reactivity with H23 could have been attributed to one of two factors: either (i) the low molecular weight of the recombinant protein, which is less immunogenic than full-length flagellin, so that MAb 46E9-9 was weakly bound to the H23 flagellin but not to the small recombinant protein that was derived from the H23 sequences, or (ii) the VOL. 3, 1996 MAPPING OF E. COLI H7 FLAGELLINinadvertent isolation by the recombinant H23 fusion protein of a fragment with an incomplete epitope. The complete nucleotide sequences of several Salmonella flagellins have been published, and the domain which determines the g,m serotype of the flagellin of Salmonella enteritidis has also been identified (13, 16, 19) . It is important to relate what we have shown for the E. coli H-serotype determinant to what is known about S. enteritidis H antigen. We have identified in E. coli 23 amino acids which are responsible for H7 and H23 serologies. The H7-specific domain was located between amino acids 350 and 374 of the H7 flagellin, and the difference between the H7 and H23 flagellins in this region consists of a single substitution of amino acid 366 (Ser 3 Thr). In S. enteritidis (g,m serotype), however, the epitope has been mapped on a 90-amino-acid fragment between amino acids 258 and 348 of the flagellin. The mutation at nucleotide position 893 (T 3 C) resulted in a single substitution of amino acid 298 (Ser 3 Pro), which destroyed the epitope responsible for the g,m antigen. These findings demonstrated that a single amino acid was enough to dictate the antigenic properties of a given bacterial flagellin. Identification of the epitope for each H flagellin will allow precise serotyping of E. coli or Salmonella organisms and could provide a valuable tool in developing a diagnostic test for each species.
